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Transient Pulvinar PathwayMore vision is preserved after removal of primary visual cortex in infant than
adult primates. A recent study suggests that this is due to the preservation of a
retina-to-pulvinar-to-cortex pathway that normally regresses during
development.Jon H. Kaas
In primates, but not necessarily all
mammals (for example [1]), lesions of
primary visual cortex (V1) have such
a devastating impact on vision that
the result has been called cortical
blindness (for example [2]). Yet, careful
testing has demonstrated that some
visual abilities remain in both humans
and monkeys [3,4]. However,
awareness of visual stimuli in cortically
blind hemifields or regions may be
absent while reactions to the stimuli are
preserved, hence the common use
of the contradictory term ‘blindsight’.
Furthermore, a greater preservation of
vision, including conscious vision, may
occur after V1 lesions early in postnatal
life [4–6]. As V1 is thought to be
responsible, directly or indirectly, for
activating much of visual cortex in
primates, there has been considerable
interest in determining the subcortical
pathways to extrastriate visual cortex
that are responsible for the cortically
dependent visual abilities that have
been preserved after a V1-inactivating
lesion.
Most investigators have argued that
the retained abilities are mediated by
retinal inputs to the superior colliculus
that then relay to the visual pulvinar,
and then to visual areas outside of
V1, principally the middle temporalvisual areaMT (for example [3,4]). Other
investigators have proposed that
cortical vision after a V1 lesion depends
on a subset of preserved neurons in
the otherwise degenerated lateral
geniculate nucleus (LGN) that project
beyond V1 [7], or even on small parts
of V1 that sometimes remain (for
example [8]). The reasons why more
vision is preserved in monkeys and
humans with lesions of V1 in the
developing brain have been unclear,
but early lesions may result in faster
and more complete degeneration of
some structures and pathways, the
enhancement of others, and the
formation of new pathways [6]. A paper
by Warner et al. [9] in this issue of
Current Biology presents multiple
types of evidence that a small nucleus
in the inferior pulvinar plays a central
role in the greater preservation of
cortical vision after V1 lesions in
developing, compared to mature,
primates.
The medial nucleus of the inferior
pulvinar (PIm) receives some input
directly from the retina and projects
to middle-temporal cortex (area MT).
Warner et al. [9] demonstrate that,
after early removal of V1 in marmosets
(small monkeys), projections of the
retina to PIm, and of PIm to MT are
enhanced, leading to more direct and
more effective activation of area MT(Figure 1) by the pulvinar and better
cortical vision than adults with V1
lesions. As area MT distributes
information mainly to the dorsal
stream of visual cortical processing
[10], this could explain why visual
guidance for reaching, locomotion,
and other actions is better preserved
after V1 lesions than conscious
perception.
The more traditional explanation for
preserved vision across species after
V1 lesions invokes the pathway from
the superior colliculus to the pulvinar
to temporal cortex. For primates, the
target of this superior colliculus to
pulvinar to cortex relay is usually
stated as area MT, and there is both
physiological [11] and anatomical
[12] evidence for such a relay.
Nevertheless, the relevant activating
inputs to the inferior pulvinar from the
superior colliculus largely avoid the
proposed relay nucleus, PIm, which
projects to area MT [10]. Instead, the
superior colliculus projects mainly to
nuclei just posterior (IPp) and medial
(IPcm) to PIm [13], and these nuclei
relay to cortex in the immediate
surround of area MT. A central role
for the superior colliculus, PIm and
MT in blindsight would seem to be
muted by the predominance of
superior colliculus projections to
other nuclei than PIm in normal
primates, and indeed the responses of
neurons to visual stimuli are severely
weakened or eliminated by V1 lesions
or deactivation in adult primates (for
example [14,15]). Yet, the superior
colliculus seems to be important in
the remaining responsiveness of MT
neurons after V1 lesions, as a further
lesion of the superior colliculus
eliminates all visual responses [16].
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Figure 1. A transient pathway from retinal to pulvinar to visual cortex.
Warner et al. [9] propose that the early developing pathway of the retina to themedial nucleus of
the inferior pulvinar (PIm) of primates activates the middle temporal visual area, MT, but this
source of activation regresses and it is replaced by direct and indirect inputs from primary
visual cortex, V1. When V1 is ablated early in postnatal development, major activating inputs
from the retina via PIm are preserved and strengthened, thereby mediating more functional
vision than occurs in primates with V1 lesions as adults. As MT connections are mainly with
cortical areas of the dorsal stream of visual processing, visuomotor functions are especially
preserved. Other divisions of the inferior pulvinar include posterior (PIp), central medial
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R156Thus, a role for the superior colliculus
in activation of area MT is clearly
critical in mature primates, perhaps via
sparse superior colliculus inputs to
PIm, sparse PIp or PIcm inputs to MT,
altered superior colliculus-to-pulvinar
or pulvinar inputs to MT after V1
lesions, or even superior colliculus
projections to the small koniocellular
neurons of the lateral geniculate
nucleus that project to MT [13,17].
However, the preserved and enlarged
projection from the retina to IPm, and
then to areaMT, after early V1 lesions in
marmosets [9] certainly could account
for the greater responsiveness of MT
neurons after early lesions of V1 [18].
This retinal projection is normally
reduced or lost in development [9], and
thus it has been seldomdescribed. This
leaves the intriguing question; what is
the normal function of a retina to PIm
to MT pathway that is reduced or even
lost in development.
Investigators have been impressed
with the dense myelination and strong
visual responsiveness of area MT
(for example [19]), features more like
those of primary sensory area than
a higher-order visual area. Perhaps
the pulvinar relay of retinal inputs to
MT confers the development of the
primary-like architecture of MT [20].
Furthermore, the direct retinal
projections to PIm may protect this
nucleus from an invasion of inputs from
the superior colliculus during early
development, thereby reducing the
functional role of the superior colliculus
in relaying visual information via the
inferior pulvinar to temporal cortex in
primates. A relay of superior colliculus
inputs to temporal cortex via the
inferior pulvinar or its homolog remains
an important source of visual
information in many mammals, so that
considerable visual cortical function
remains after V1 lesions in, for example,
tree shrews [1], which are close
relatives of primates.MT is a visual area
that is unique to primates, but the
course of its evolution is uncertain.
Likewise, the nucleus of the inferior(PIcm) and central lateral (PIcl) nuclei.
The lateral pulvinar has dorsomedial (PLdm)
and ventrolateral (PLvl) divisions. The
medial pulvinar (PM) has mainly non-visual
connections. Dorsal stream visual areas with
inputs from MT include MTc, MST, FST, DM
and parts of posterior parietal cortex (PPC).
DL (V4) and caudal inferiotemporal cortex
(ITc) are parts of the ventral stream of cortical
processing for object recognition. (See Kaas
and Lyon [10] for details.)
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R157pulvinar, PIm, that is interconnected
with MT is likely unique to primates.
Thus, area MT and PIm may have
evolved in concert. Possibly the
caudomedial portion of the inferior
pulvinar was dominated throughout
by superior colliculus inputs in the
ancestors of primates, and the PIm
territory was first isolated from the rest
of PI by an expanded input from the
retina, replacing, in part, the role of the
superior colliculus in activating a part of
temporal visual cortex, the antecedent
of MT. As a later step in this proposed
evolution, V1 projections to MT
emerged slightly later in development,
reducing or eliminating the role of the
retinal inputs to PIm in vision, with PIm
eventually becoming a satellite nucleus
of MT, receiving its major input from
MT while projecting back to MT. Thus,
the results of Warner et al. [9] provide
insights into the ways in which area
MT and surrounding cortex might have
evolved in the immediate ancestors of
primates.
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of Sight and Sound outside of
Awareness?A recent study found that auditory and visual information can be integrated
even when you are completely unaware of hearing or seeing the paired
stimuli — but only if you have received prior, conscious exposure to the paired
stimuli.Jean-Paul Noel, Mark Wallace,
and Randolph Blake
Many of the objects and events we
encounter during our everyday lives are
made up of distinct blends of auditory
and visual information: dogs barking,
motors whining, people talking. Even
though the physical signals conveying
those qualities are fundamentally
different — for example, photic energy
versus acoustic energy — our brain
seamlessly integrates, or ‘binds’, thisinformation into a coherent perceptual
Gestalt. The unitary nature of these
multisensory perceptual experiences
raises an important question in the
context of prevailing theories of
consciousness [1]: specifically, can
such binding take place prior to the
emergence of consciousness, or is it an
emergent property of consciousness?
Earlier work has indicated that audible
sounds can impact invisible pictures
suppressed from awareness during
binocular rivalry [2], but can auditoryand visual signals interact when both
are presented outside of awareness? A
recent study by Faivre et al. [3] provides
an answer to this question by
unequivocally demonstrating the
interaction of subthreshold auditory
and visual cues. Left unanswered,
however, is whether this interaction
represents genuine multisensory
integration or, instead, arises from
interactions at amodal, semantic levels
of analysis (Figure 1).
In the new study [3], participants
were briefly presented a priming
stimulus made up of a pair of
digits — one presented as a visual
stimulus and the other as an auditory
stimulus — that were sometimes
identical (for example, a spoken ‘2’ and
a printed ‘2’) and other times were not
(for example, a spoken ‘8’ and a printed
‘2’). This prime was then followed
by an audio-visual pair of target letters
that were either identical or not.
Participants had to judge whether this
